Plasminogen activator inhibitor-1 (PAI-1) is an important regulator of fibrinolysis. PAI-1 levels are elevated in type 2 diabetes, and this elevation correlates with macro-and microvascular complications of diabetes. However, the mechanistic link between insulin and up-regulation of PAI-1 is unclear. Here we demonstrate that overexpression of Forkhead-related transcription factor (Fox)O1, FoxO3a, and FoxC1 augment insulin's ability to activate the PAI-1 promoter. In addition, insulin treatment promotes the phosphorylation of nuclear and cytoplasmic Fox03a and an increase of cytoplasmic Fox03a. In contrast, insulin treatment led to the accumulation of phosphoFox01 only in the cytoplasm. Furthermore, insulin also increased the ability of chimeric LexAFoxO1, LexA-FoxO3a, and LexA-FoxC1 proteins to increase the activity of a LexA reporter, suggesting that the effect of insulin on FoxO3a was direct. Using small interfering RNA to specifically deplete each of the Fox transcription factors tested, we demonstrate that only reduction of FoxO3a inhibits insulin-increased PAI-1-Luc expression and PAI-1 mRNA accumulation. Finally, chromatin immunoprecipitation assays confirm the presence of FoxO3a on the PAI-1 promoter. These results suggest that FoxO3a mediates insulin-increased PAI-1 gene expression. (Molecular
P
lasminogen activator inhibitor-1 (PAI-1) is a major regulator of fibrinolysis. It inhibits both tissue type and urokinase plasminogen activators and serves an essential role in wound healing where it is required to maintain the fibrin clot. Abnormal expression of PAI-1 is observed in obesity (1), inflammation (2) , and diabetes (3) , and increased PAI-1 has been correlated to the higher risk or cardiovascular disease seen in these syndromes (4) .
PAI-1 is expressed in virtually all of the tissue types studied. PAI-1 transcription was increased by numerous factors, including platelet-derived growth factor (5), ␤-fibroblast growth factor (5), IL-1b, TGF␤ (6), angiotensin II (7), TNF␣ (8) , thrombin (9) , and oxidation products (10) whereas interferon-␥ (11) inhibited PAI-1 production. Several studies have also demonstrated that insulin increases PAI-1 expression. PAI-1 is increased in patients with type 2 diabetes (12) and insulin or proinsulin infusion can cause elevation of PAI-1 detected by analysis of PAI-1 protein levels (13) (14) (15) or by in situ hybridization (16) . Insulin also increases expression of the endogenous PAI-1 gene in HepG2 cells (17) and the transcription of a luciferase reporter plasmid under control of the PAI-1 promoter in human umbilical vein endothelial cells (HUVECs) in culture (18, 19) .
Several specific response elements have been defined in the PAI-1 promoter. A paired Sp1 element at Ϫ73 and Ϫ42 mediated responses to glucose and angiotensin II (20, 21 ). An activator protein 1 (AP-1)-like element at Ϫ59/Ϫ52 was reported to mediate the response of the PAI-1 promoter to D dimer, a proteolytic fragment of fibrin (22) , and also to mediate effects from protein kinase C and protein kinase A (PKA) (23, 24) . TGF␤ activation of the PAI-1 promoter is through sequences between Ϫ740/Ϫ528 (25, 26) . A glucocorticoid response element was identified at Ϫ1212 (27) , and two hypoxia response elements were identified at Ϫ175/Ϫ158, the mutation of which eliminated the 3-fold response to hypoxia (28) . We previously identified an insulin response element of the PAI-1 promoter at Ϫ52/Ϫ43 that was a Forkhead-related transcription factor (Fox)-like element, and insulin-increased PAI-1 expression was blocked by overexpression of the FoxO1 DNA-binding domain (29) . This was confirmed in studies by others who suggested that the effect of insulin at this site was mediated by FoxC2 (30) .
The Fox transcription factor family in humans is made up of approximately 40 members grouped into families (A to Q) that is characterized by a 100-amino acid DNA binding domain (http://biology.pomona.edu/fox/). They play important roles in differentiation, transformation, and metabolism and have been linked to diabetes (31) (32) (33) (34) (35) . FoxA2 regulates liver lipid metabolism and ketogenesis in fasting and diabetes (36) , it controls pancreatic Pdx expression (37) , and it regulates insulin secretion (38) . Mutation of FoxC2 is associated with lymphedema-distichiasis and diabetes (39) . A C512T polymorphism of FoxC2 is associated with dyslipidemia and obesity (40) and may contribute to the incidence of obesity and diabetes in the Pima Indians (41) . Some studies have suggested that mutation of the FoxP3 protein is responsible for X-linked enteropathy, endocrinopathy, and diabetes mellitus (42) (43) (44) (45) (46) . Insulin has been shown to regulate several Fox-family members. Akt-dependent phosphorylation of FoxO1/3/4 at three sites resulted in binding to 14 -3-3 proteins and nuclear export (47, 48) . It was also suggested that FoxA2 is regulated by phosphorylation and nuclear export (36) . In contrast, transcription of FoxC2 is increased by insulin through phosphatidylinositol 3-kinase and ERK 1/2 (49 -51) .
Previous studies demonstrated that overexpression of murine FoxC2 in 3T3-L1 and bovine arterial endothelial (BAE) cells activated PAI-1-luciferase expression and the endogenous PAI-1 promoter. This overexpression suggested that FoxC2 mediated responses to insulin and TGF␤ (30) . However, these effects could have been secondary to FoxC2 stimulation/inhibition of other transcription factors or signaling components or it could be cell type dependent. Despite the important role of PAI-1 in diabetes and the clear association of Fox transcription factors with diabetes and PAI-1 transactivation, the mechanism of Fox transcriptional activation of the PAI-1 promoter and indeed the specific Fox family member(s) required for PAI up-regulation in response to insulin is unknown. We demonstrate using a variety of cell lines and molecular manipulations that the effect of insulin to increase PAI-1 is increased by the expression of FoxO3a. The knockdown of FoxO3a by siRNA impaired the effect of insulin on PAI-1-Luc reporter and on the endogenous PAI-1 mRNA. Finally, chromatin cross-linking and chromatin immunoprecipitation (ChIP) experiments show increased FoxO3a on the PAI-1 promoter in response to insulin treatment. Taken together, these experiments suggest that insulin increases PAI-1 through activation of FoxO3a.
Results

Fox transcription factors affect insulin-increased PAI-Luc expression in GH4 and T47D cells
Previous work from our laboratory and other have suggested that the insulin response of the PAI-1 promoter is mediated by a Fox transcription factor (30, 52 ) that acts at a sequence Ϫ52/Ϫ43 in the PAI-1 promoter. Therefore, we reasoned that higher levels of Fox factors might increase the effect of insulin on PAI-1 expression if Fox factors were limiting. Alternately, the expression of Fox factors could squelch the effect of the endogenous factors by titrating essential transcription factors as was shown for Elk-1 (53) . To determine which Fox transcription factors were most likely to mediate insulin's effects, we screened human umbilical vein endothelial cells for Fox mRNA expression using RT-quantitative PCR (RTqPCR) and comparing the transcripts to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). This screen (data not shown) indicated substantial expression of FoxO1 mRNA Ͼ FoxC1 Ͼ FoxO3a Ͼ FoxP1 (mRNAs for Fox D3, FoxD4, FoxO4, FoxJ2, FoxC2, and FoxH1, the levels of which were almost undetectable, were also seen). Thus, it seemed likely that a member of the FoxO, FoxC, or FoxP family mediated the response to insulin. GH4 cells were electroporated with a PAI-1-luciferase construct containing 900 bp of the PAI-1 promoter (Fig. 1A) along with an expression vector for either FoxO1, FoxO3a, FoxC1, FoxC2, and FoxP1 or plasmids encoding FoxO1 and FoxO3a with triple-alanine mutants of the Akt phosphorylation sites because FoxO1 and FoxO3a can be excluded from the nucleus in response to an insulin/ phosphatidylinositol 3-kinase/Akt triple phosphorylation (47) . Western blot analysis confirmed that the Flag-tagged FoxO1 and FoxO3 were expressed and localized after transfection (Fig. 2C) .
FoxO1 expression did not have a significant effect on PAI-1-luciferase expression in GH4 cells. FoxO1AAA increased basal (2-to 3-fold) and insulin-and forskolinincreased PAI-1-luciferase expression 10-fold to approx-imately 100-fold. The increase in basal PAI-1-Luc mediated by this mutant was not remarkable because the AAA mutation disrupts the ability of insulin to promote nuclear exclusion of FoxO1. However, the insulin and forskolin responsiveness of this triple mutant was not expected because mutation of the Akt phosphorylation sites eliminated important insulin effector sites, and forskolin had not been shown to activate FoxOs. Thus, forskolin stimulation was expected to mirror any effect on basal transcription of the reporter and serve as a control for any increased insulin effects.
FoxO3a expression also induced basal and forskolin-increased PAI-1-Luc activity 5-fold and insulin-increased PAI-1-Luc 10-fold, which strongly suggested that FoxO3a was involved in PAI-1 gene transcription either directly or indirectly. FoxO3a AAA was an even more potent activator as would be expected because it cannot be excluded from the nucleus. The triple mutant remained insulin and forskolin sensitive despite mutation of the Akt phosphorylation sites. Insulin-increased PAI-1-luciferase expression was also increased 2-fold and forskolin-stimulated PAI-1-luciferase expression was increased 4-fold in cells expressing FoxC1. Neither insulin-nor forskolin-increased PAI-Luciferase expression was significantly different from controls in cells expressing FoxC2 or FoxP1.
To determine whether these results were cell type specific, these experiments were repeated in several other cell lines. T47D cells were derived from a human mammary gland ductal carcinoma and are an important model of hormone-sensitive breast cancer. Breast cancer cells make substantial PAI-1, which is a predictor of poor prognosis (54) . In contrast to the GH4 cells, wild-type FoxO1 and FoxO1AAA had no effect on PAI-1-Luc expression (Fig.  1B) . However, FoxO3a and FoxO3a AAA increased basal PAI-1-Luc expression 4-fold over control levels in T47D cells (Fig. 1B) . Insulin further increased PAI-1-Luc expression to 35-to 40-fold in cells expressing either FoxO3a or FoxO3a AAA. Forskolin-increased PAI-1-Luc expression was 2-fold higher in cells in which FoxO3a and FoxO3aAAA were expressed. FoxC1 did not have a significant effect in this cell line whereas FoxC2 significantly inhibited both basal and stimulated PAI-1-luc expression.
The human embryonic kidney (HEK)293 cell line is derived from human kidney epithelial cells and has been FIG. 1. Insulin-Increased PAI-1-Luc expression is affected by transfection with expression plasmids for Fox-family transcription factors: GH4 (A), T47D (B), and HEK293 (C) cells were transfected with PAI-1-Luc, human insulin receptor, and ␤-galactosidase and HEK293 cells (D and E) were transfected with IRS(3ϫ)-Luc, and ␤-galactosidase as detailed in Materials and Methods. The electroporations also contained 10 g of an expression vector for the indicated Fox transcription factor or 10 g of vector control. The cultures were treated with 1 g/ml insulin or 1 mM forskolin, and the plates were incubated for 20 h. The average relative light units/10 g protein in control and insulin-treated cultures was determined, adjusted for ␤-galactosidase expression, and the relative light units from cells incubated with hormones were compared with control levels to determine the fold-stimulation (Fold-Basal and BAE cells were plated in growth medium and switched to medium containing 10% charcoal-treated serum 24 h before the start of the experiment. Insulin, 1 g/ml, was added for the indicated times, and the cells were rapidly washed with ice-cold saline and frozen at Ϫ75 C (Ͻ30 sec between 37 C and dry ice). Cytoplasmic and nuclear extracts were prepared as described in Materials and Methods, and the proteins were resolved by SDS-PAGE and transferred to nitrocellulose. A, The membranes were blocked and analyzed using antibodies to phospho-FoxO1 (Ser256 and 319) (top) and total FoxO1 (middle). The blots were also analyzed using antibody to ERK 1 and 2 as a loading control (bottom). B, The membranes were blocked and analyzed using antibodies to phospho-FoxO3a (Ser318/321) (top) and total FoxO3a (middle). The blots were also analyzed using antibody to ERK 1 and 2 as a loading control (bottom). C-E, Transfected FoxO1 and FoxO3a. C, GH4 cells were electroporated with 10 g of Flag-FoxO1 (top) or 10 g of Flag-FoxO3a (bottom). They were plated in growth medium and allowed to attach. The cells were switched to medium containing 10% charcoal-treated serum for 24 h. Insulin, 1 g/ml, was then added for the indicated times. Cytoplasmic and nuclear extracts were prepared as described in Materials and Methods, and the proteins were resolved by SDS-PAGE and transferred to nitrocellulose. The membranes were blocked and analyzed using antibodies to phospho-FoxO1/O4 (Ser319/262) and total FoxO1 (top) or phospho-FoxO3a (Ser319/321) and total FoxO3a (bottom). The blots were also analyzed using antibody to Flag to show expression of exogenously expressed protein and with antibody to ERK 1 and 2 as a loading control. D, T47D cells were transfected with flag-FoxO3a wt, with GFP FoxO3a wt, GFP-FoxO3a AAA mutant, or HT-FoxO3a wt or untransfected for analysis of endogenous FoxO3a localization. After 24 h in medium containing charcoal-treated serum, the cultures were incubated with insulin for 20 min or 1 h or left untreated as controls. Cytoplasmic and nuclear extracts were prepared and analyzed by SDS-PAGE and blotted to nitrocellulose membrane. Anti-FoxO3a (Upstate), Anti-Flag (Sigma), and anti-GFP (Molecular Probes) were then used to show the distribution of FoxO3a. Extracts from HT-FoxO3a transfected cells were incubated for 30 min with HaloTMR ligand (Promega) that has a fluorescent label and covalently links to the HT-FoxO3a. Blots were stripped and blotted against ERK 1 and 2 as a loading control, TBP as an indicator of the specificity of the nuclear extract, or human insulin receptor as an indicator of the specificity of the cytoplasmic extract. E, T47D cells, grown on coverslips, were transfected using (47) . These conflicting results could result from the reporter, the cell line, or both. First, we tested the PAI-1-Luc reporter in the HEK293 cells (Fig. 1C) . PAI-1-Luc was highly expressed in HEK293 cells, and this was increased slightly by insulin treatment and decreased by forskolin (Fig. 1C ). Neither FoxO1 nor FoxO1AAA affected these results. Basal expression of PAI-Luc was significantly increased by expression of FoxO3a or the triple-alanine mutations of FoxO3a, and this was increased by insulin and decreased by forskolin. Expression of Fox C1, FoxC2, or FoxP1 decreased PAI-1-Luc expression under all conditions in HEK293 cells. These results were unexpected because previous reports consistently showed insulin inhibition of FoxO-mediated activation (47, 48 ). Therefore, we tested whether insulin activated the Fox01-sensitive IRS(3ϫ)-Luc reporter to determine whether the effect of FoxO3a on PAI-1 promoter in HEK293 cells was promoter specific (Fig. 1D) . Preliminary experiments suggested that cell density was an important consideration in how these cells responded to transfection and insulin treatment. Therefore, cells were plated at low density, and the experiment was conducted during log phase (as for the PAI-1-Luc experiments in Fig. 1C ). Under these conditions, the IRS(3ϫ)-Luc responded almost identically with the PAI-1-Luc reporter except that the stimulation due to insulin treatment was only significant with the FoxO3a AAA construct. When the HEK293 cells are allowed to become confluent before transfection, results similar to those presented by others were obtained (Fig. 1E) . The reporter had no activity in the absence of transfected FoxO expression plasmid, and both insulin and forskolin treatment inhibit the activity of the reporter. Surprisingly, the activity of the triple alanine mutants of both FoxO1 and FoxO3a was also significantly inhibited by insulin and forskolin. This suggests that insulin can repress transcription through mechanism other than nuclear export as was previously described (57, 58) . This suggests that, at least for this clone of HEK293 cells, the insulin-dependent inhibition of this promoter is independent of Akt-mediated phosphorylation of FoxOs. Foxc1, Foxc2, and FoxP1were also without effect under these conditions. In summary, only FoxO3a and its triple-alanine mutant enhanced insulin-increased expression of PAI-1 in all of the cell lines tested, suggesting that it most likely mediated the effect of insulin. FoxO3a and FoxO3a AAA also increased basal PAI-1-Luc expression although not to the same degree as they increase insulin stimulation. The effect of FoxO3a on forskolin-increased PAI-1-Luc expression was enigmatic. Forskolin-increased PAI-1-Luc expression was stimulated more than basal transcription in GH4 cells by FoxO3a expression, but in HEK293 cells it inhibited PAI-1-Luc expression. FoxO1AAA and FoxC1 increased PAI-1-Luc expression under select conditions whereas Fox C2 and FoxP1 inhibited insulin-increased PAI-1 expression where they had any effect.
Phosphorylated FoxO3a accumulates in the nucleus for several hours after insulin treatment
Our findings that insulin-induced activation of the PAI-1 might be mediated by FoxOs are contrary to previous studies in which FoxO-mediated transcription was decreased by insulin activation of Akt that led to phosphorylation of FoxO and FoxO binding to 14-3-3 proteins and export to the cytoplasm (47) . One possible explanation for this is that overexpressed FoxO proteins saturate the endogenous 14-3-3 proteins permitting FOXO to enter the nucleus and activate transcription. Insulin-sensitive phosphorylation at non-Akt sites or other modification could then mediate a further increase in PAI-1 transcription in response to insulin. This made it important to determine the distribution and phosphorylation of FoxO1 and FoxO3a in response to insulin in GH4 and T47D cells and how this is affected by overexpression of FoxO1 and FoxO3a.
Cytosolic and nuclear extracts from cells incubated for various times with insulin were resolved by SDS-PAGE, blotted to nitrocellulose, and probed with phosphorylation state-specific antibodies and antibodies to total FoxO1/O4 ( Fig. 2A) . The GH4 cells showed a pattern of FoxO1 compartmentalization that was expected from published studies (47) . In GH4 cells, no phosphorylated FoxO1 was detected in the nucleus whereas it rapidly accumulated in the cytoplasm in response to insulin. Further, nonphosphorylated FoxO1 was constant in the nucleus of GH4 cells, despite the accumulation of the phosphorylated species in the cytoplasm. In T47D cells and BAE cells, FoxO1 was rapidly phosphorylated in insulintreated cells, and phosphorylated species appear rapidly in both the cytoplasm and nucleus. Further, whereas phosphorylated FoxO1 levels increased in the cytoplasm in response to insulin, the level of total FoxO1 in the nucleus remained constant, despite insulin treatment. Al-though this may seem contradictory, Western blots are not strictly quantitative, but only show relative changes. Data from GH4, T47D, and BAE cells are shown in Fig. 2 because these cells were used in the functional studies reported here, but similar results were seen in HeLa, HUVEC, and HEK293 cells (data not shown).
We then examined the compartmentalization of other Fox transcription factors in response to insulin. The pattern of phosphorylation and compartmentalization of FoxO3 (Fig. 2B ) was similar to that seen for FoxO1 in T47D and BAE cells. Phosphorylated FoxO3a appeared rapidly in both compartments (Ͻ10 min) and remained high for at least 2 h. This behavior was cell type independent because it was observed in a primary cell line (BAE) and in two transformed cell types (GH4 and T47D). Levels of unphosphorylated FoxO3a were high in the nucleus and did not change over the course of the experiment whereas cytoplasmic levels of FoxO3a were low in control cultures and increased rapidly with insulin treatment.
The pattern of phosphorylation and compartmentalization of transfected flag-tagged FoxO1 and FoxO3a was determined (Fig. 2C) and was similar to the patterns observed with endogenous FoxOs. The only remarkable difference was that there was significant unphosphorylated FoxO1 and FoxO3a in the cytoplasm of control cells. This is undoubtedly the result of overexpression.
The experiments in panels D and E of Fig. 2 were performed to further support the conclusion that FoxO3a is localized predominantly to the nucleus even in insulintreated cells. Biochemical evidence of this conclusion is presented in Fig. 2D where the distribution of endogenous FoxO3a and FoxO3a labeled with Flag, green fluorescent protein (GFP), or HaloTag (HT) is examined. Insulin treatment for 20 min or 1 h increased the cytosolic concentration of the endogenous and labeled FoxO3a, but a substantial fraction, perhaps a majority, of the FoxO3a remains nuclear. FoxO3a with a triple-alanine mutation does not increase in the cytoplasm in response to insulin, but is also predominately nuclear. The specificity of the extraction process is verified by the presence of TATAbinding protein (TBP) only in the nuclear fraction and the presence of human insulin receptor only in the cytosolic fraction. Visual evidence is provided by Fig. 2E , which shows the nuclear localization of HT-FoxO3a in control and insulin-treated cells.
These experiments have shown that although FoxO1 phosphorylation results in the nuclear exclusion of phosphorylated FoxO1 in some cell lines (GH4 cells), this is never true of FoxO3a and that phosphorylated FoxO3a accumulates in both the nuclear and cytoplasmic fractions and total FoxO3a is predominately nuclear. Because the phospho-specific antibodies used in these experiments identify only Akt-modified FoxO3a, the FoxO3a remaining in the nucleus might be phosphorylated by other kinases or modified by acetylation, sumolation, ADP ribosylation, or other postsynthetic modification that might affect its activity.
The C terminus of FoxO1 and FoxO3a are insulin-activated transcription factors
The expression of exogenous Fox proteins enhanced insulin-increased PAI-1-Luc expression and forskolin-increased expression in GH4 cells. This could result from a direct interaction of the Fox factors with the PAI promoter, but it is also possible that Fox proteins induce the expression of other factors that contribute to insulin/forskolin activation of PAI-1 transcription. To test whether Fox factors can directly activate the PAI-1 promoter, we made chimeric plasmids that link the DNA-binding domain of the bacterial LexA to the C terminus of several Fox transcription factors. The C terminus of FoxO1 (amino acids 236 -655), FoxO3a (amino acids 233-673), and FoxC1 (amino acids 231-553) linked to LexA increased luciferase expression from a 3XLexA-luciferase reporter plasmid. Highest levels of basal expression were obtained using LexA-FoxO3a (45-fold) Ͼ LexA-FoxO1 (40-fold) Ͼ Ͼ LexA-FoxC1 (5-fold) (Fig. 3A) . This high basal activity was further activated 3-to 4-fold by insulin and 2-to 3-fold by forskolin in cells expressing LexAFoxO1 or LexA-FoxO3a, but was only minimally increased in the LexA-FoxC1-expressing cells. Conversely, the C terminus of FoxC2 (amino acids 231-493) decreased basal expression and was not insulin stimulated. The forskolin stimulation of 3X-LexA-Luc reporter through FoxO1 and FoxO3a was unexpected and suggested that FoxOs could be activated by PKA under some circumstances. This appears to be the first indication that FoxO3a can be activated by cAMP/PKA and that both the effect of insulin and the effect of cAMP on the PAI-1 promoter might be mediated through activation of FoxO3a. Further studies will be required to fully address this possibility.
Our previous studies with the PAI-1 promoter suggested that insulin stimulation was AKT independent. The LexA construct of the FoxC1 does not have an Akt phosphorylation site whereas the C-terminal construct of FoxO1 eliminates two of three Akt phosphorylation sites. The LexA-FoxO3a retains two of three sites. Thus, the high activity of the LEXA-FoxO3a could result from the phosphorylation of these sites in response to insulin. Therefore, we made LexA constructs with phosphorylation site mutants. These LexA-FoxO1AAA mutant (amino acids 236 -655) and LexA-FoxO3a AAA mutant (amino acids 233-673) constructs had increased insulin and forskolin sensitivity, indicating that the Akt phosphorylation sites were not required for insulin or forskolin activation of transcription (Fig. 3B) .
Fox transcription factors can be knocked down in T47D cells using siRNA
These experiments suggest that Fox factors could mediate the increase in PAI-1 gene expression that we have observed in several cell types. Although FoxO1 and FoxO3a most consistently induced PAI-1 in disparate cell lines, our data do not discriminate between the Fox proteins because we have observed some level of stimulation by all of them except for FoxC2 and FoxP1. Therefore, an RNA interference protocol was adopted to discriminate among these factors. Double-stranded RNA was obtained from Ambion (Austin, TX) or Dharmacon (Lafayette, CO) that targeted FoxO1, FoxO3a, FoxC1, FoxC2, and FoxP1, which were the most abundant Fox proteins found in endothelial cells. After 48 h with siRNA, the cells were harvested and total RNA was prepared and reverse transcribed. The relative mRNA levels of the various FOX proteins were then determined. The siRNA treatment knocked down each of the Fox mRNAs by 40 -65% (Table 1) . Because only a fraction of the cells are transiently transfected with siRNA, this likely represents a total block in transfected cells.
The level of Fox protein is also dependent on the halflife of the protein. Therefore, the effect of the siRNA treatment on the protein levels was determined by Western blot (Fig. 4A) . All of the siRNAs were effective at reducing the respective protein levels. The siRNAs for FoxO1 and FoxO4, however, tended to be somewhat nonspecific in that they reduced the level of both proteins.
The distribution of FoxOs might also be affected by treatment with siRNA. To address this issue, we performed the experiment shown in Fig. 4B . Plasmids for expression of HT-FoxO1 and HT-FoxO3a were transfected into T47D cells and simultaneously treated with scrambled siRNA, FoxO1 siRNA, or FoxO3a siRNA. One plate from each group was insulin treated for 20 min, the other plate was kept as a control, and nuclear and cytoplasmic extracts were prepared. The extracts were incubated for 30 min with fluorescent HaloTMR Ligand, and the proteins were resolved on SDS-PAGE. The gels were then imaged using the Typhoon Trio laser scanner. In the lanes from the scrambled siRNA-treated cells, two HT bands are present in each lane. The top band is HTTagged FoxO3a, and the faster migrating band is HTFoxO1. The HT-FoxO3a is equally distributed in the control and insulin-treated cytoplasmic lanes and in the control and insulin-treated nuclear lanes. The HT-FoxO1 is increased in the insulin-treated cytosol and decreased in the insulin-treated nuclei (more evident in the FoxO3a siRNA lanes where interference from HT-FoxO3a is not present). The FoxO1 siRNA completely eliminated the more rapidly migrating HT-FoxO1 band, and the FoxO3a siRNA completely eliminated the HT-FoxO3a band. Western blotting with specific antibodies to FoxO1 and FoxO3a give essentially the same results. Thus, knockdown seems to be specific and complete in those cells that are transiently transfected with the siRNA. Moreover, the relative abundance/distribution of one Fox protein does not seem to be significantly affected by knockdown of the other.
Knockdown of Fox with siRNA inhibits insulin-increased PAI-1-Luc expression
Next we tested whether the knockdown of Fox factors with siRNA could block insulin-increased PAI-1-Luc expression. T47D cells were treated with various siRNAs and incubated for 48 h. The cells were treated again with siRNA and then transfected with PAI-1-Luc 3 h later. Insulin or forskolin was added, and luciferase activity was determined 20 h later. Knockdown of FoxC1, FoxC2, and FoxP1 did not reduce insulin-increased PAI-1-luciferase activity (data not shown). Insulin-increased PAI-1-Luc was also indistinguishable from control (scrambled) in the FoxO1/O4 knockdown cells (Fig. 4C) . The knockdown of FoxO3a was the only treatment that was effective in reducing the level of insulin-increased PAI-1-Luc expression (Fig. 4C) . Western blotting verified that the level of FoxO3a was reduced by this treatment (Fig. 4C) . In this experiment, the siRNA to FoxO3a also reduced the level of FoxO1, but this was not significant because the greater reduction of FOXO1 in FoxO1 knockdowns had . Top row, The extracts were incubated for 30 min with HaloTMR Ligand, and proteins were resolved by SDS-PAGE and visualized using the Typhoon Trio laser scanner. (middle and bottom rows) Separate SDS-PAGE analysis of the same extracts using anti-FoxO1 (middle row) and anti-FoxO3a (bottom row). In this experiment, secondary antibody was infra red (800 nM) tagged and visualized using a Li-Cor Odyssey infrared scanner. C, Effect of knockdown of FoxO3a on PAI-1 promoter activity. T47D cells were treated with 10 nM siRNA for FoxO1, FoxO3a, or with a scrambled siRNA or were left untreated. After 48 h with siRNA, the cultures were retreated with siRNA and transfected with PAI-1-Luc using lipofectamine 2000. The cells were then treated with 1 g/ml insulin or 1 mM forskolin for 20 h. Luciferase activity was determined and normalized with ␤-galactosidase. The fold-stimulation by insulin or forskolin was then determined. Top, Luciferase activity; bottom, Fox protein levels were determined by Western blot. D, Treatment of BAE and T47D cells with siRNA for FoxO3a inhibits insulinincreased PAI-1 mRNA. BAE or T47D cells were treated with 10 nM siRNA for FoxO1, FoxO3a, or scrambled siRNA as a control as in panel A. They were re-treated at 48 h, and 1 g/ml of insulin was added to half of the cultures for an additional 24 h. The cells were lysed and total RNA was prepared and reverse transcribed as described in Materials and Methods. PAI-1 mRNA levels were then determined by RT-qPCR and normalized to GAPDH mRNA levels. The fold stimulation by insulin of PAI-1 mRNA in the cells treated with scrambled, FoxO1, and FoxO3a siRNA in BAE cells (left) and T47D cells (right) is shown. Bottom, Knockdown of FoxO3a in BAE cells was confirmed by Western blotting of whole-cell extracts from BAE cells treated with the different siRNAs (anti-FoxO1, top row; anti-FoxO3a, middle row; and anti-ERK 1 and 2, bottom row).
no effect on PAI-1-Luc activity. The issue of whether FoxO3a can mediate the effect of cAMP is also unresolved in these studies. Although there was a slight reduction of forskolin-induced PAI-1-Luc expression, it was not significant because the stimulation by forskolin was not as great as that induced by insulin.
Knockdown of Fox with siRNA inhibits insulin-increased PAI mRNA accumulation
Analysis by qRT-PCR had demonstrated that insulin was able to activate the endogenous PAI-1 promoter in T47D and BAE cells (data not shown). BAE and T47D cells were treated with 10 nM siRNA to FoxO3a or scrambled siRNA using Hiperfect. After 48 h, they were treated again with siRNA, and 1 g/ml insulin was added to half of the cultures. The siRNA to FoxO3a reduced FoxO3a protein levels substantially in BAE cells, whereas the siRNA to human FoxO1 did not reduce bovine FoxO1. Insulin increased PAI-1 mRNA 1.6-fold in BAE cells and 1.5-fold in T47D cells in cells treated with scrambled siRNA (Fig. 4D) . There was no response to insulin in either BAE or T47D cells that had been treated with siRNA to FoxO3a. Western blotting of lysates from BAE cells treated with siRNA is shown (Fig. 4D, bottom) . These data demonstrate that FoxO3a plays an important role in insulin's upregulation of endogenous PAI-1. Because there is some nonspecificity in knocking down FoxO3a in T47D cells and the ineffectiveness of the FoxO1 siRNA in BAE cells, it is not possible to completely rule out a role for FoxO1 in regulation of PAI-1 mRNA levels although it seems unlikely.
FoxO3a is associated with the PAI-1 promoter
Previous studies showed that the Fox transcription factor FKHR (FoxO1) bound to a synthetic phosphoenol pyruvate carboxykinase/IGF-I binding protein-1 insulin response element (59) . We showed that glutathione-S-transferaseFoxO1 bound to the region of the PAI-1 promoter containing the IRS (29) . To determine whether FoxO3a associated with the PAI-1 promoter in vivo, ChIP assays were performed (Fig. 5) . BAE cells were treated with insulin for 0, 1, or 4 h. The chromatin was cross-linked and precipitated overnight with antibody to FOXO3a (Upstate Biotechnology, Inc., Lake Placid, NY), antibody to RNA polymerase II (Santa Cruz Biotechnology, Inc.), and IgG served as positive and negative controls, respectively. PCR was then performed using primers to the proximal PAI-1 promoter that overlapped the TATA element and insulin response element. Insulin treatment recruits RNA polymerase II to the PAI-1 promoter as is seen in a representative gel image (Fig. 5A, top) . Quantitation of three experiments show that RNA polymerase II occupancy of the promoter is increased more than 5-fold in 1 h and remained more than 3.5-fold at 4 h (Fig. 5A) . Insulin treatment increased the FoxO3a occupancy of the promoter 2-fold during this time. PCR that used distal primers to a region 800 bp upstream of the TATA element that did not have a FoxO/insulin response el-
FIG. 5.
FoxO3a is present on the PAI-1 promoter in BAE and T47D cells. A, BAE cells were treated with 1 g/ml insulin for 0, 1, or 4 h. They were then treated with formaldehyde, and the nuclei were prepared and sonicated to produce fragments between 100 and 800 bp as described (Materials and Methods). The sonicated chromatin was precleared with BSA and herring sperm-DNA blocked protein A sepharose and incubated with antibody to FoxO3a (Upstate Biotechnology) or RNA polymerase II (Santa Cruz Biotechnology). The complexes were collected using BSA-and herring sperm-DNA-blocked protein A sepharose. After extensive washing, the samples were de-cross-linked and phenol-chloroform extracted and precipitated with ethanol. PCR with primers to the PAI-1 proximal promoter was performed. Top, SYBR green fluorescence was visualized using the Typhoon Trio laser scanner. Bottom, Quantitation of three experiments using ImageQuant software. B, T47D cells were transfected with plasmids expressing HT-TBP, TFIIB, FoxO1, or FoxO3a fusion proteins. The cells were treated with1 g/ml insulin for 0, 1, or 4 h. They were then treated with formaldehyde, and the nuclei were prepared and sonicated to produce fragments between 100 and 800 bp as described (Materials and Methods). The sonicated chromatin was incubated with HaloLink resin and the complexes were collected by centrifugation and washed extensively. The samples were de-cross-linked and phenol-chloroform extracted and precipitated with ethanol. PCR with primers to the PAI-1 proximal promoter was performed. Top, SYBR green fluorescence of semiquantitative PCR was visualized using the TyphoonTrio laser scanner. Bottom, Analysis of three experiments using qPCR. The amount of DNA in each sample was determined in comparison with a standard curve. They were then compared with the value for the lowest point (HT-FoxO1 at 4 h) that was arbitrarily set equal to 1. Pol II, Polymerase II. ement served as a control and had no significant signal (data not shown).
It is possible that the export of FoxO1 in response to insulin may allow its replacement by FoxO3a, which mediates the insulin activation of this promoter. Thus, the occupancy of the PAI-1 promoter by FoxO1 and FoxO3a in quiescent and insulin-stimulated states remains an important issue. We used the HaloChip system (Promega Corp.) for these experiments because it eliminates uncertainties due to having to use different antibodies that could give variable results depending on their affinity for the denatured and cross-linked proteins. In this system, cells are transfected with fusion proteins expressing a C-terminal HT. This HT can be linked covalently to a resin that has the HaloLigand attached. The covalent binding allows washes of great stringency and eliminates the high background that can be a problem with ChIP assays. T47D cells were transfected with vectors expressing HT-FoxO1 or HT-FoxO3a or HT-TBP or HT-TFIIB (transcription factor IIB) as controls. They were then treated with insulin for 1 or 4 h or left untreated as controls. They were then processed for ChIP as described in Materials and Methods. The cross-linked protein-DNA complexes were isolated by incubation with HaloLink resin overnight at 4 C. The resulting DNA was then subjected to semiquantitative PCR (Fig. 5B, top) but this necessitated using different numbers of cycles and gels for the different time points. Therefore, the samples were reanalyzed by qPCR (Fig. 4B, bottom) . All of the proteins were present on the PAI-1 promoter at low levels in the quiescent state. Insulin incubation increased the levels of HT-TBP, HT-TFIIB, and HT-FoxO3a whereas levels of HT-FoxO1 were reduced. At 4 h, the level of HT-TBP had returned to basal levels whereas HT-TFIIB and HTFoxO3a were still significantly elevated. However, HTFoxO1 was reduced to background at 4 h. This is consistent with the hypothesis that the HT-FoxO1 has left the nucleus in response to insulin-mediated phosphorylation and has been replaced by the insulin-stimulated HTFoxO3a. Separate experiments demonstrated that levels of FoxC1 (data not shown) associated with the PAI-1 promoter were not significantly higher than background and that insulin had no effect on this association. Thus, we considered it to be nonspecific.
Discussion
These results demonstrate that FoxO3a likely mediates insulin-increased transcription of PAI-1. Transfection experiments with Fox expression vectors (Fig. 1) demonstrated that the FoxO3a transcription factor was unique in the Fox family in activating PAI-1-Luc expression in response to insulin. FoxP3 (data not shown) and FoxC2 inhibited PAI-1 luciferase expression whereas FoxP1 and FoxP2 had no significant effect. This was confirmed in experiments with chimeric proteins composed of the LexA DNA-binding domain and the activation domain of the various Fox family members (Fig. 3) . The siRNAmediated FoxO3a knockdown (Fig. 4) reduced PAI-1-luc expression whereas knockdown of FoxO1, FoxO4, FoxC1, FoxC2, and FoxP1 had no effect. Lastly, ChIP analysis of the PAI-1 promoter (Fig. 5 ) demonstrated insulin-sensitive association of FoxO3a with the PAI-1 promoter. These results indicated that only FoxO3a, among the Fox family members tested, had the characteristics expected for the transcription factor that mediated insulin-increased PAI-1 gene expression.
The role of FoxO3a to mediate insulin-increased PAI-1 transcription surprised us because many studies have shown negative regulation of gene transcription by insulin mediated through FoxO1 (47, 57, 58, 61) whereas insulin-mediated effects on transcription through FoxO3a are not well characterized. Further, phosphorylation of FoxOs by protein kinase B/Akt resulted in translocation of the phosphorylated form of FoxO1, FoxO3a, or FoxO4 from the nucleus into the cytoplasm where it was bound by 14 -3-3 proteins (47, 48). Our results generally support this analysis for FoxO1 (Figs. 2 and 4) . However, significant amounts of phosphorylated FoxO3a were present in the nucleus. This suggested that FoxO3a could mediate the positive effects of insulin on the transcription of the PAI-1 promoter that we observed. It also suggests that differential modulation of FoxO proteins by insulin might be important to the regulation of many genes with insulinmediated phosphorylation of FoxO1 producing an inhibition whereas FoxO3a could activate genes in response to insulin. Further investigation, to determine how the FoxOs regulate transcription and how they interact with other factors, will be needed to understand these important differences among the FoxO transcription factors.
These results might be expected in transformed cells such as the GH4 and T47D cells used in many of these experiments because aberrant retention of FoxO proteins in the nucleus has been proposed as one of the reasons for the survival of transformed cells (62) . However, a similar pattern of FoxO1 and FoxO3a distribution was also observed in primary BAE cells (Fig. 2, A and B) and HUVECs (data not shown).
How insulin regulates PAI-1 through FoxO3a is not resolved by these studies. The experiments in Figs. 1 and  3 indicate that the Akt-dependent phosphorylation sites of FoxO3a are not important for insulin regulation of PAI-1. FoxO3a and LexA-FoxO3a proteins with mutations of the Akt phosphorylation sites were more effective at enhancing insulin-increased PAI-1 expression than were the wild-type proteins. This could be due to their higher concentrations in the nucleus because they do not translocate to the cytoplasm in response to insulin (Fig.  2) . FoxO3a can be phosphorylated by many other kinases, including serum-and glucocorticoid-regulated kinase (63) , Jun N-terminal kinase, ERK (64), p38 (64), dual specificity tyrosine-phosphorylated and regulated kinase (65), AMP-dependent kinase (66), cyclin-dependent kinase 2 (67), and Ikb kinase (68) . Phosphorylation by one or more of these kinases in response to insulin is possible, and phosphorylation of FoxO3a by AMP-dependent kinase did not cause nuclear export (66) although FoxO1 was reported to behave differently in response to AMP-activated protein kinase phosphorylation (69) .
FoxO3a can also be acetylated, and the acetylation alters the affinity of FoxO3a for some sites (70) , increasing FoxO transactivation of some promoters (71) . It is possible that acetylation shifts FoxO3a from one site to another or that it increases the affinity of FoxO3a for sites in the PAI-1 promoter. Previous studies suggested that at least two Fox-responsive sequences are present in the PAI-1 promoter (29, 72) , and our sequence analysis of the PAI-1 promoter revealed a third consensus site between Ϫ462/Ϫ445 (Stanley, F.M., unpublished analysis). Preliminary investigation of this site suggested that it could be an inhibitory site (Jag, U.R., and F.M. Stanley, unpublished) . In this case, the acetylation-mediated shift of FoxO3a from one site to another on the promoter could activate it. Alternately, a model was proposed in Caenorhabitis elegans where Sir2.1 complexed with 14 -3-3 and phosphorylated . This complex remained in the nucleus and activated transcription of a subset of genes. Thus, some models support the retention of FoxO3a in the nucleus and its increased activation of some promoters.
The PAI-1 promoter contains numerous response elements, and the aggregate response of the promoter is likely to result from the interplay of numerous transcription factors, both positive and negative. The insulin-response element is part of a complex that also includes an AP-1 response element, and this composite response element is sensitive to cAMP, phorbol esther, and oxidative stress (74) . This element binds AP-1 in vitro (74) , but it has not been determined what binds to this site in vivo. Other candidates for binding this element are cAMP response element binding protein, activating transcription factor, or CCAAT enhancer binding protein family of transcription factors as well as AP-1 (Fos/Jun). It is possible that the interaction between the Fox-related factor binding at the IRS and the factor binding at the AP-1 response element is critical. The regulation at this site would then depend on protein-protein interaction as well as protein-DNA interaction. The interaction of FoxA2 with pregnane X receptor and of FoxO1 with the peroxisome proliferator-activated receptor ␥ provides experimental evidence for the importance of protein-protein interactions in Fox biology (75, 76) . These types of interactions could account for the retention of FoxO3a in the nucleus and for the insulin activation of some promoters through FoxO3a.
The PAI-1 promoter also contains sites for SP-1 (77, 78) and Ets (79) transcription factors that were shown to be important. Our previous studies in GH4 cells tended to rule out participation of these factors in insulin-increased PAI-1 expression (29), but they might be important for basal PAI-1 transcription or for other responses. Now that FoxO3a has been identified as the insulin-responsive transcription factor, its interaction with other transcription factors to mediate responses of the PAI-1 promoter can be determined.
Materials and Methods
Materials
Restriction enzymes were obtained from New England Biolabs (Beverly, MA) and were used as recommended. Oligonucleotides were from Operon Technologies (Huntsville, AL), and reagents for PCR were obtained from Roche (Indianapolis, IN). DMEM containing 4.5 g/liter glucose and iron-supplemented calf serum were obtained from Hyclone Laboratories (Logan, UT). All other reagents were of the highest purity available and were obtained from Sigma (St. Louis, MO), Bio-Rad Laboratories (Hercules, CA), Fisher Scientific (Pittsburgh, PA), or Calbiochem (La Jolla, CA).
Cell culture
GH4 pituitary tumor cells, T47D cells, HEK293 cells, and HeLa cells were maintained in DMEM with 10% iron-supplemented calf serum. Human umbilical vein endothelial cells (HUVEC) and human aortic endothelial cells were obtained from Lonza (Walkerville, MD) and were maintained in EGM2. BAE cells were the gift of Dr. M. Yorick (University of Iowa, Iowa City, IA) and were maintained in DMEM with 10% ironsupplemented calf serum. All experiments were done in medium containing charcoal-treated serum that was shown to be hormone and growth factor depleted.
Plasmids
The PAI-1 promoter reporter plasmid, p800neo-Luc, was the generous gift of Dr. D. Rifkin (New York University School of Medicine, New York, NY) (80) . Flag-FoxO1 wild-type, FlagFoxO1AAA, and IRS(3ϫ)-Luc were the gift of T. Untermann (University of Chicago School of Medicine, Chicago, IL). The IRS(3ϫ)-Luc plasmid has three repeats of the IGF-I binding protein 1 promoter and was previously shown to be activated by FoxO1 in HEK293 cells (81) . Flag FoxO3a wild type and AAA were made by M. Greenberg and obtained from Addgene, Inc. (Cambridge, MA). Cytomegalovirus-FoxC1 and cytomegalovi-rus-FoxC2 were a gift of T. Kume (Vanderbilt University, Nashville, TN). FoxP1 and FoxP2 were provided by Dr. E. Morrisey (University of Pennsylvania, Philadelphia, PA) and FoxP3 was a gift of Dr. M. Greene (University of Pennsylvania). LexA chimeras of FoxO1, FoxO3a, FoxC1, FoxC2, and FoxP1 were made by cloning PCR fragments into pcDNA3-LexA as previously described (82) . The human insulin receptor expression vector, pRT3HIR2, was the gift of Dr. J. Whittaker (Case Western Reserve University, Cleveland, OH).
Antibodies used
Phosphorylation state-specific antibodies were obtained from Cell Signaling Technology (Beverly, MA) and included antiphospho-FoxO1(Ser256) (no. 9461), antiphospho-FoxO1(Ser319) (no. 2486), antiphospho-FoxO3a(Ser318/321)(no. 9465), and antiphospho-FoxO1(Ser 319)/O4(Ser262) (no. 2487). Some studies also used anti-FoxO1 (no. 9462) that recognizes both FoxO1 and FoxO4 and anti-FoxO3a (no. 9467) from Cell Signaling Technology, but the anti-FoxO1 (sc11350) from Santa Cruz Biotechnology and anti FoxO3a (07-702) from Upstate Biotechnology were used in most of these studies. Anti-FoxC1 (ab5079), anti-FoxC2 (ab24340), and anti-FoxP1 (ab16645) were from Abcam, Inc. (Cambridge, MA) (as was the antibody to TBP (ab818). The antihuman insulin receptor was a gift from Dr. K. Siddle (Cambridge, UK), and the anti-ERK1 and ERK2 were from Santa Cruz (sc93 and sc154). Flag monoclonal antibody was from Sigma and anti-GFP polyclonal was from Molecular Probes (Eugene, OR).
Transient gene transfection facilitated by electroporation
Electroporation experiments and reporter assays were performed as described elsewhere (83) . GH4 cells were harvested with an EDTA solution, and 6 ϫ 10 6 cells were used for each electroporation. Trypan blue exclusion before electroporation ranged from 95-99%. The voltage of the electroporation was 1550 V. This resulted in trypan blue exclusion of 70 -80% after electroporation. The transformed cells were plated in 96-well dishes (Falcon Plastics, Brookings, SD) at 1 ϫ 10 5 cells per well in DMEM with 10% hormone-depleted serum. The cells were allowed to attach, and hormones were added for 24 h. The medium was replaced with assay buffer, and the plates were frozen at Ϫ80 C. Luciferase assays were performed using reagents and protocols from Promega.
Control of transfection efficiency was performed using an rous sarcoma virus-␤-galactosidase expression plasmid (0.5 g/electroporation) (84) . The ␤-galactosidase activity in the cell lysates was determined using Beta Glo (Promega). Transfection efficiency did not vary significantly among transfections performed at the same time. The relative light units (RLU) of luciferase activity were then corrected for minor variations in ␤-galactosidase activity by converting the RLU to RLU/␤-galactosidase activity/mg protein. The fold stimulation or inhibition was then determined.
Preparation of cytoplasmic and nuclear extracts and Western immunoblot analysis
GH4 cells were harvested in an hypotonic buffer consisting of 10 mM HEPES (pH 7.5), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM Na 3 VO 4 , 1 mM (NH 4 ) 6 Mo 7 O 24 , 10 mM NaF, 10 mM NaP 2 O 7 , 1 mM dithiothreitol, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, and 10 g/ml aprotinin. They were allowed to swell on ice for 10 min and lysed by addition of Nonidet P40 to a final concentration of 0.5%. The nuclei were collected by centrifugation at 1000 ϫ g for 5 min at 4 C and washed once. They were then extracted with a buffer containing 20 mM HEPES, pH 7.5, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM Na 3 VO 4 , 1 mM (NH 4 ) 6 Mo 7 O 24 , 10 mM NaF, 10 mM NaP 2 O 7 , 1 mM dithiothreitol, 1 mM AEBSF, and 10 g/ml aprotinin. The samples were vortexed for 15 sec at the highest setting and then placed on ice. The process was repeated four times. The nuclear extract was collected after a 10 min centrifugation at 14,000 ϫ g. Equal amounts of protein were analyzed by SDS-PAGE using 10% gels. The proteins were transferred to nitrocellulose membranes (Micron Separations, Westborough, MA) and immunoblotted using primary antibodies described in the figure legends and horseradish peroxidase-conjugated secondary antibodies (Pierce) and enhanced chemiluminescence (Pierce). Films were scanned using a Molecular Dynamics (Amersham) densitometer with ImageQuant software.
Cell staining and fluorescence microscopy
T47D cells were inoculated onto coverslips at a density of 100,000 cells per coverslip. The media was exchanged at 24 h, and the cells were transfected using cationic lipids in serum-free medium for 6 h. The serum-free medium was replaced with medium containing 10% charcoal-treated serum (hormone depleted). They were treated with insulin for 20 min or 1 h or left untreated as controls. They were fixed using 4% paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100. The cells were then stained with 50 M HT TMR ligand for 30 min at room temperature (RT) and washed with PBS to remove excess ligand. They were then stained with 4Ј,6-diamidino-2-phenylindole and mounted using Mowiol. The slides were photographed using a Zeiss Axio fluorescence microscope and Openlab software (Carl Zeiss, Thornwood, NY). Adobe Photoshop was used for postprocessing.
RT-qPCR of PAI-1
Total RNA was prepared using Purescript (Gentra Systems, Minneapolis, MN). The amount of RNA was estimated from the absorbance at 260/280 nm using a NanoDrop Spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Total RNA was reverse transcribed using Superscript III (Invitrogen, Carlsbad, CA). Each reaction used 10 g of total RNA and oligo dT primers. The cDNA was then amplified using the ABI7900 (ABI, Foster City, CA). Reactions for qPCR in 384-well plates typically contained 0.1 ng of cDNA, 200 nM each primer, and 5 l SYBR Green Mix in 10 l reaction. Primers for qPCR were designed using Primer 3 (Ref. 60 ; source code available at http:// primer3.sourceforge.net) and in all cases spanned an intron/ exon border. Controls included GAPDH, hypoxanthine phosphoribosyl transferase, and M2B. Primer sequences are available upon request.
Knockdown of FOX transcription factors with siRNA
T47D cells were seeded at 1 ϫ 10 6 cells in 12-well plates. Duplex RNA was mixed with Hiperfect (QIAGEN, Valencia, CA) in serum-and antibiotic-free medium according to the instructions of the manufacturer. The liposome/RNA complexes were then added to the cells. T47D cells were treated with 10 nM siRNA to FoxO1, FoxO3a, or FoxO4 (Ambion) or with 20 nM smart pool siRNAs for FoxC1, FoxC2, or FoxP1 (Dharmacon).
Treatment was typically for 72 h. Scrambled RNA and RNA interference for GAPDH constituted positive and negative controls. Sequences of siRNA were: FoxO3a, CCUGUCACUGCAUAGUCGAtt, UCGACUAUGCAGUGACAGGtt; FoxO1, GGCAUCUCAUAACAAAAUGtt, CAUUUUGUUAUGAGAUGCCtg; FoxO4, UCUCACCUCUUCCCAUUCCtt, GGAAUGGGAAGAGGUGAGAtt.
ChIP to determine Fox association with the PAI-1 promoter in vivo
ChIP experiments were performed as described elsewhere (85) . Briefly, T47D cells were incubated with insulin, and the cells were fixed by adding formaldehyde to the medium at a final concentration of 1%. After 10 min at RT, the reaction was quenched with 0.125 M glycine. Nuclei were then prepared and sonicated 15 times for 15 sec each. The samples were made 1% Triton X-100, and the size and amount of the fragments were assessed on an agarose gel after de-cross-linking. The chromatin was precleared using protein A agarose that was blocked with 1 mg/ml sonicated salmon sperm DNA and 1 mg/ml BSA. The chromatin was incubated overnight with 2 g of specific antibody at 4 C. The antibody-bound chromatin was then collected by incubating with blocked protein A/G beads for 3 h at 4 C. The beads were collected by centrifugation and washed once. The beads were then treated with RNase and Proteinase K for 3 h at 55 C. Formaldehyde cross-linking was then reversed by incubating the samples at 65 C overnight and then treating them again with RNase and Proteinase K. The samples were extracted twice with phenol chloroform and once with chloroform and precipitated with 70% ethanol using glycogen as a carrier. ChIP chromatin was then subjected to PCR analysis to determine whether PAI-1 promoter elements were isolated by this immunoprecipitation. Forward and reverse primers were designed using the Primer 3 program (see Acknowledgments). Primers were designed that would amplify a section of the PAI promoter that included the insulin response element at Ϫ52/Ϫ42 and to a distal region of the promoter that did not contain an IRS (control). PCRs were sampled at 20 and 25 cycles to ensure that all samples would be on a linear section of the curve. Sequences for the primers are as follows.
PAI (distal forward): GGGACCATCTAGTTGCAGGA; Pai (distal reverse), GGGACTGGTTTCATGGAAGA; PAI (proximal forward), AGTCCCAGAGAGGGAGGTGT; Pai (proximal reverse), TCTTCTTGACAGCGCTCTTG.
HaloChip analysis of transcription factor binding
T47D cells in 100-mm plates were transfected with plasmids that expressed HT-TFIIB, FoxO3a, or FoxC1 fusion proteins. The plates were refed with hormone-depleted serum-containing medium for 20 h and incubated with insulin for 1 or 3 h or without insulin as controls. The plates were treated with formaldehyde, nuclei were prepared, and chromatin was sonicated as described above. The sonicated chromatin was then incubated with HaloLink resin for 2 h at RT. The HT protein is covalently bound to the resin during the incubation. The complexes were then washed four times with high-salt buffer (700 mM NaCl) and four times with H 2 O for 10 min each at RT. The crosslinked chromatin was recovered, purified, and analyzed by PCR essentially as described above for conventional ChIP. Some experiments were also repeated using qPCR (Fig. 5B) . A SyberGreen master mix (ABI) was used with the same primers that were used as for semiquantitative PCR in a Bio-Rad iCycler. A total of 45 cycles were performed although all samples amplified between 22 and 35 cycles. A standard curve was created using sonicated T47D cell DNA, and curves from experimental samples were compared with this curve.
